Abstract LiCr 0.2 Ni 0.4 Mn 1.4 O 4 was synthesized by a sol-gel technique in which tartaric acid was used as oxide precursor. The synthesized powder was annealed at five different temperatures from 600 to 1,000°C and tested as a 5-V cathode material in Li-ion batteries. The study shows that annealing at higher temperatures resulted in improved electrochemical performance, increased particle size, and a differentiated surface composition. Spinel powders synthesized at 900°C had initial discharge capacities close to 130 mAh g −1 at C and C/2 discharge rates. Powders synthesized at 1,000°C showed capacity retention values higher than 85 % at C/2, C, and 2C rates at 25°C after 50 cycles. Annealing at 600-800°C resulted in formation of spinel particles smaller than 200 nm, while almost micron-sized particles were obtained at 900-1,000°C. Chromium deficiency was detected at the surface of the active materials annealed at low temperatures. The XPS results indicate presence of Cr 6+ impurity when the annealing temperature was not high enough. The study revealed that increased annealing temperature is beneficial for both improved electrochemical performance of LiCr 0.2 Ni 0.4 Mn 1.4 O 4 and for avoiding formation of Cr 6+ impurity on its surface.
Introduction
Spinel LiMn 2 O 4 as a 4-V cathode with a capacity of 148 mAh g −1 has been considered as a candidate material for the Li-ion battery industry, due to its low cost, abundance, and non-toxicity [1] [2] [3] . However, it shows severe capacity fading upon cycling mainly caused by a Jahn-Teller distortion formed during repeated cycling, dissolution of manganese into the electrolyte due to reactions with HF, and oxidation of the organic electrolyte on the electrode [4, 5] . One approach to overcome these problems is partial substitution of manganese by various transition metal ions like Ni , or Cu 2+ [1, [4] [5] [6] [7] [8] . Among these alternatives, LiMn 2−
x Ni x O 4 has a dominant high-voltage plateau at 4.7 V while the others exhibit two small plateaus at 4 and 5 V [6, 7, [9] [10] [11] . LiMn 1.5 Ni 0.5 O 4 , which shows a comparatively high theoretical discharge capacity (147 mAh g −1
) and a relatively stable cyclability, has been intensively investigated as an attractive high-voltage cathode material.
In LiMn 1.5 Ni 0.5 O 4 , O 2− anions occupy 32e positions in cubic close-packed structure, where the Li + ions are located in the 8a tetrahedral sites and Ni 2+ cations replace Mn 4+ in the 16d octahedral sites [12] . The performance of LiMn 1.5 Ni 0.5 O 4 depends on a number of parameters such as ordering of Mn 4+ and Ni 2+ cations, synthesis conditions, and morphology [1, 2] . It has been reported that LiNi 0.5 Mn 1.5 O 4 synthesized at temperatures higher than 700°C has low cyclic capacity retention and low 5-V capacity due to formation of oxygen-deficient spinel, Mn 3+ ions, and impurity phases such as Li y Ni 1−y O and NiO [13] . To overcome these problems, different modification techniques such as lattice doping and surface coating have been applied. It has been shown that cationic substitutions could eliminate formation of the Li y Ni 1−y O impurity phase and stabilize the disordered spinel structure, which has superior rate properties compared to the ordered one [14] . So far, several elements like Al [15] , Fe [16, 17] , Co [16] [17] [18] [19] , Cr [12, 15, 17, [19] [20] [21] [22] [23] [24] , Cu [25] , Ti [26] [27] [28] , Ru [29] , Mg [16, 30] , Zn [16] , W [31] , and Zr [15] have been examined for this purpose. Among these elements, the addition of Cr has been shown to be more successful than the others to increase cell performance [15, 17] . The electrochemical activity will increase to 4.9 V where the Cr 3+ /Cr 4+ redox couple occur [11, 12] [10, 21, 22, [34] [35] [36] [37] . According to Yi et al. [22] , the gel is a complex network where the metal ions are uniformly distributed in the matrix which prevents phase separation and yields particles with homogeneous size and chemistry. While the technique comprises a number of process parameters, fine-tuning of these parameters allows optimization of the properties of high-voltage cathode materials. Among these parameters, annealing temperature is one of the most important since it will influence the final properties of spinel powder. How the annealing temperature is influencing the properties of Cr-substituted LiNi 0.5 Mn 1.5 O 4 has been revealed in previous studies by establishing relations between annealing temperature, particle size, and electrochemical properties [20, 27] . However, in these studies, cathode powders were synthesized by techniques other than solgel, which resulted in their own process parameter-property relations. In this study, the effect of annealing temperature is systematically investigated to find out its influence on both electrochemical and surface properties of LiCr 0.2 Ni 0.4 Mn 1.4 O 4 prepared by sol-gel technique.
Thus, the sol-gel-synthesized powders were annealed from 600 to 1,000°C for 1 h. Galvanostatic and cyclic voltammetry experiments were performed to analyze the bulk and surface composition of the annealed LiCr 0.2 Ni 0.4 Mn 1.4 O 4 powders. Field emission scanning electron microscopy (FE-SEM), Xray diffraction (XRD), inductively coupled plasma mass spectrometry (ICP-MS), and X-ray photoelectron spectroscopy (XPS) were used to demonstrate how both the bulk structure and the surface composition of the different samples influence the electrochemical stability of the cycling in a Li-ion battery. 3 •9H 2 O] were dissolved in 20 ml of distilled water to form a solution in which the concentration of nickel acetate was 0.005 mol. All the chemicals were purchased from Sigma-Aldrich. This solution of raw materials was added dropwise to a continuously stirred 1 M tartaric acid solution where the cation/tartaric acid ratio was slightly larger than 1. Finally, pH of the mixture was adjusted to 6.0±0.1 by adding sufficient amount of NH 3 solution. The complete mixture was dried at 55°C for 24 h and further dried at 120°C for a few hours until a fine powder was obtained. The collected powder was subsequently ground by mortar and dried in air at 450°C for 6 h. The resulting precursor powder was ground by mortar again, and five samples of 2.5 g each were annealed in a horizontal tube furnace at either 600, 700, 800, 900, or 1,000°C for 1 h. Powders were heated to the preselected temperature at a rate of 5°C min
and furnace cooled after annealing was complete. X-ray diffraction patterns were obtained using a SIEMENS D5000 Bragg-Brentano X-ray diffractometer employing Cu-K α radiation (1.54178 Å), with scanning rate of 0.02°/step in 2θ range from 15°to 75°. Surface morphologies of powders were analyzed by LEO (ZEIS) 1550 FE-SEM with 10-kV acceleration voltage and 3-4-mm working distance. XPS samples were prepared by pressing powder into 99.5 % pure aluminum foil using a force corresponding to 1 t. XPS measurements were conducted at an in-house spectrometer (PHI 5500) using monochromatized Al K α radiation (1486.6 eV) and an electron flood gun to compensate the charging effects. The XPS spectra were energy calibrated by setting the adventitious carbon peak to 285 eV. Bulk composition analyses of synthesized powders were carried out by ICP-MS technique. The samples were digested with microwave digestion system for 20-min ramp to 210°C, followed by 20-min hold time at 210°C. To prepare the microwave digestion, 0.05 g of sample, 8 ml HNO 3 , 2 ml HF, and 90 ml of deionized water were added into a volumetric flask. Electrochemical characterizations were carried out in vacuum-sealed, polymer-coated aluminum pouch-type cells. Cathodes were fabricated from a slurry of active material, Super P carbon black, and a binder (5 wt.% PVDF in N-methyl pyrolidone) in the weight ratio of 75:10:15. The slurry was coated onto an aluminum foil (20-μm thickness, 16.9-mg weight) by doctor-blade deposition. The laminates were dried at 60°C overnight, and then after, disc-shaped electrodes (20 mm in diameter) were punched out. The electrodes were dried overnight at 120°C under vacuum inside an Ar-filled glove box (O 2 <1 ppm, H 2 O <3 ppm) for 12 h. No pressing was applied on the laminates. A typical electrode thickness and mass were 16-19 μm and 5-6 mg, respectively. Half-cells [Cathode|Solupor® separator soaked in electrolyte|Li foil] were assembled in the same Arfilled glove box. The electrolyte solution was 1 M LiPF 6 in a 1:1 volume ratio mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC). The water content in the electrolyte was determined to be below 10 ppm with Carl Fischer titration. Cyclic voltammetry was performed between 3.00 and 4.99 V (vs. Li/Li + ) at 25°C at a scan rate of 0.1 mV s −1 using a Bio-Logic VMP2 cycling system. Galvanostatic charge-discharge tests with low and high cutoff voltages of 3.00-4.99 V, respectively, were performed at 20°C using a Digatron BTS-600. Three different current rates of C/2, C, and 2C were used. Multiple measurements were performed at different current rates to calculate the average of discharge capacity. The rates were calculated based on the theoretical capacity of LiCr 0. ). [18] . Figure 1b shows a comparison of the diffraction patterns of the (400) plane for all the samples. The patterns demonstrate that when the annealing temperature was increased from 600 to 1,000°C, the width of the peak decreased gradually. In order to show this, full width at half maximum (FWHM) value of the (400) peak was calculated for samples annealed at 800 and 1,000°C and found as 0.314 and 0.122, respectively. As FWHM value is frequently used as an indicator of the crystal regularity and/or crystallite size [27] [20, 27] .
Results and discussion
ICP-MS analyses of the synthesized powders (Table 1) showed only the expected elements; no contamination was observed. The ICP-MS results demonstrated that the number of Cr, Ni, and Mn atoms per mole of spinel powders is close to the theoretical values, i.e., 0.2, 0.4, and 1.40, respectively. Some deficiency of the Li could be attributed to the evaporation of Li at the annealing temperature while there is no difference in lithium content as a function of annealing temperature.
FE-SEM images (Fig. 2) of the different LiCr 0.2 Ni 0.4 Mn 1.4 O 4 cathode materials show that powders annealed at 600, 700, and 800°C are primarily composed of particles smaller than 200 nm. The increase in particle size is notable at 900°C (see Fig. 2d ). At this temperature, nano-sized particles disappear while nearly micron-sized polyhedral particles are 27] . Also, Sun and co-workers concluded that the growth in particle size was notable above 800°C when using a hydroxide precursor method [23] .
Electrochemical characterization
The electrochemical performance of LiCr 0.2 Ni 0.4 Mn 1.4 O 4 spinels was examined at 25°C by charge/discharge and cyclic voltammetry (CV) studies. Figure 3 displays variations in the discharge capacity and capacity retention values for the first 50 cycles at three different current rates of C/2, C, and 2C for cathodes made out of these powders. Detailed examination of the charge/discharge plots shows that the highest initial discharge capacity, 132 mAh g . It should be noted that the same material had 115 mAh g −1 discharge capacity at the end of the 50th cycle, which was the highest among all materials examined at all discharge rates in this study.
The capacity retention values (Fig. 3d) of the cathodes imply that at the low discharge rate, C/2, the capacity retention values are higher than 70 % for all active materials. Figure 3a , d demonstrates for C/2 rate that powders synthesized at 900 and 1,000°C yielded higher initial capacities as well as better capacity retentions than the others. This can be explained by the fact that high-temperature annealing results in bigger particle size and lower surface area, which consequently leads to lower side reactions between the particles and electrolyte. With increasing discharge rate, however, capacity retention values decrease (Fig. 3d) for the powders synthesized at 800, 900, and 1,000°C. This is commonly observed in rate capability tests of cathode materials [17] [20] . However, for the powders synthesized at lower temperatures, 600 and 700°C, the results from rate capability experiments are not straightforward; the capacity retention increases from C/2 to C and from C to 2C for 600 and 700°C powders, respectively. This was observed in another work which needs further studies [9] . However, in this study, we expostulate that the presence of Cr 6+ in powders synthesized at lower temperature (shown later in the XPS results) might cause these unpredictable rate capability results due to side reactions.
It should be emphasized that among all the five LiCr 0.2 Ni 0.4 Mn 1.4 O 4 materials, the one synthesized at 1,000°C is superior to all the others in terms of capacity retention at all discharge rates, showing a discharge capacity higher than 120 mAh g −1 with a capacity retention higher than 85 % after 50 cycles (Fig. 3d) . It has been shown that annealing at high temperatures can improve performance of Crsubstituted LNMO materials. Indeed, in most of the papers mentioned in Table 2 , a high-temperature annealing at about 800-900°C was used. Similarly, it has been published for different synthesis techniques (e.g., sucrose-aided combustion and hydroxide precursor methods) that heat treatment at temperatures higher than 800°C improves the electrochemical performance of Cr-substituted LiNi 0.5 Mn 1.5 O 4 powder [12, 20] . In these previous studies, however, the authors have mainly attributed the increase in discharge capacity and capacity retention to particle growth combined with an increased crystallinity of the spinel powders [38] . A summary of published results regarding the cyclic performance of Cr-substituted LiNi 0.5 Mn 1.5 O 4 synthesized by sol-gel technique is presented in Table 2 . At the current rate of 0.5 C, discharge capacities between 130 and 140 mAh g −1 were reported [10, 34] , which are comparable to our results. A discharge capacity of 140 mAh g −1 has been reported for Cr-substituted LiNi 0.5 Mn 1.5 O 4 cathode material [19, 21] . However, those values were acquired at lower discharge rates (e.g., 0.2 C) or number of cycles (e.g., 20 cycles) compared to results obtained in this study at a relatively higher current rate. The initial discharge capacity is higher in this study compared to the other published results [34, 36] .
As powders annealed at 800, 900, and 1,000°C yielded more promising charge/discharge behavior than the others, they were examined by cyclic voltammetry in more detail. /Ni 4+ activities, respectively [21] . Additionally, there is a shoulder close to 5 V in CVs of the samples annealed at 900 and 1,000°C, which is possibly an indication of Cr 3+ /Cr 4+ activity [17] . In fact, in the reduction sweep of all materials, there is a signal at ca. 4.9 V representing an activity other than reduction of Mn and Ni. This signal was previously reported as Cr 4+ /Cr 3+ reduction [17] indicating that Cr is an electrochemically active element in the synthesized spinel samples.
Another important electrochemical property of the LiCr 0.2 Ni 0.4 Mn 1.4 O 4 cathode material is the available power offered by this material during discharge. This can be obtained by integrating the area under the I-V curves of reduction sweeps in voltammograms. Figure 4 shows that the high voltage contribution, i.e., electrochemical activities of Ni and Cr, dominates the available power. For all samples examined by cyclic voltammetry, low-voltage (Mn 4+ /Mn 3+ ) activity comprises less than 15 % which means that the spinel materials mainly offer high-voltage power.
There are also some differences between the first and tenth cycles of the voltammograms shown in Fig. 4 . The oxidation peaks of Ni slightly shift to higher voltages upon cycling, while the voltage of the Mn 3+ oxidation remains constant. Similarly, Ni peaks shift to lower voltage values on reduction, while the positions of the Mn 4+ and Cr 4+ peaks remain constant. Furthermore, the peak current and total area under the curves slightly decrease from the first to the tenth cycle showing a small decrease in electrochemical activity of the spinel electrodes. The loss in electrochemical activity is more pronounced for the sample annealed at 800°C compared to the samples annealed at higher temperatures. It should be noted that this decrease in the peak current values and the total area under the curves was observed only at voltages higher than 4.25 V, while Mn 3+ /Mn 4+ redox activity around 4.0 V was stable even after ten cycles regardless of the annealing temperature.
The overall evaluation of the CV results of this study requires the comparison of the collected data with theoretical and previously reported ones. According to Aklalouch and Fig. 4 is the reduction of the peak current upon cycling. This can be clearly seen for the sample annealed at 800°C (see Fig. 4a ). According to Liu et al. [32] , the diffusion coefficient of Li + in the spinel cathode material is directly proportional to the second power of the peak current density of the voltammetry. Thus, it can be stated that a slight decrease in the Li + diffusion occurs upon cycling of the LiCr 0.2 Ni 0.4 Mn 1.4 O 4 powders. This decrease is more noticeable for the sample annealed at 800°C compared to the other samples annealed at the higher temperatures. This more pronounced reduction in the diffusion coefficient of Li + could be attributed to the lower stability of the spinel structure at lower annealing temperatures. It should be noted that other than attaining high capacity and capacity retention values, this is another reason why high-temperature annealing is beneficial in the synthesis of LiCr 0.2 Ni 0.4 Mn 1.4 O 4 cathode material by sol-gel technique.
Surface characterization
As it is presented above, the bulk composition of all the synthesized powders were close to the theoretical composition of LiCr 0.2 Ni 0.4 Mn 1.4 O 4 (see Table 1 for the results of ICP-MS analyses). In order to estimate the surface composition of these powders, XPS was used. For clarity, only spectra for the two extremes, the samples annealed at 600 and 900°C, are given in Fig. 5 . The Ni2p and Mn2p spectra are similar for both powders representing Ni 2+ and Mn 4+ [35, 39] , while the Cr2p spectra are clearly different. The relative intensity of the Cr2p spectrum is higher for the powder annealed at 600°C compared to that at 900°C, indicating a lower chromium content in the surface of the sample annealed at higher temperature. Also, the shape of the Cr2p spectra differs for samples synthesized at different temperatures.
To better illustrate these differences, Fig. 6 presents Cr2p spectra normalized with respect to the highest intensity feature at 576 eV attributed to Cr 3+ [40] . There is a peak at 579 eV attributed to Cr 6+ on the surface of the powder annealed at 600°C. It has previously been shown for LiMn 2 [43] . However, to our knowledge, no influence on the relative Cr 6+ content of the annealing temperature has previously been shown for LiCr x Ni y Mn 2 − x − y O 4 powders. Thus, the increased annealing temperature can be concluded to be beneficial to avoid formation of Cr 6+ impurity.
Conclusion
This study reveals for LiCr 0.2 Ni 0.4 Mn 1.4 O 4 powder synthesized by sol-gel technique that annealing at temperatures higher than 800°C is beneficial for improving the discharge capacity and capacity retention of this 5-V cathode material. Li-ion batteries assembled with LiCr 0.2 Ni 0.4 Mn 1.4 O 4 powder annealed at 900°C exhibited a discharge capacity close to 130 mAh g −1 at C and C/2 current rates. Examination of structural, morphological, and electrochemical properties points out that high-temperature annealing led to increase in particle size and to stability of spinel structure of powder. XPS results showed presence of Cr 6+ impurity on the surface of the spinel powder when the annealing temperature was low (600°C). However, no Cr 6+ was observed on the surface of powder annealed at high temperature (900°C). Thus, an annealing stage at temperatures higher than 800°C can be used to improve performance of LiCr 0.2 Ni 0.4 Mn 1.4 O 4 cathode material synthesized by sol-gel.
